INTRODUCTION
============

*Plasmodium falciparum* is currently the main species of *Plasmodium* that is resistant to antimalarial drugs. Drug resistance is defined as the ability to survive or reproduce at a concentration, which can kill or inhibit the reproduction of the same kind of species \[[@b1-kjp-53-1-35]\]. The resistant strains eventually spread with a growing intensity and develop into multidrug-resistant varieties \[[@b2-kjp-53-1-35]\]. Cases of chloroquine-resistant falciparum malaria in a hyperendemic area of Hainan Island were first identified in 1973 \[[@b3-kjp-53-1-35]\]. Until 1978, chloroquine-resistant *P. falciparum* was found throughout the island, approximately 1/3 of which belonged to R1-R2 level of resistance. In 1979, piperaquine completely replaced chloroquine in malaria prophylaxis and treatment. However, in 1982, piperaquine-resistant *P. falciparum* emerged with a resistance rate of 10-20%, 5% of which belonged to R2/R3 level of resistance \[[@b4-kjp-53-1-35]\]. A new in vitro test was established by Seiji Waki in Hainan Island \[[@b2-kjp-53-1-35]\] to monitor the sensitivity of *P. falciparum* between 1987 and 1990. Results showed that isolates from *P. falciparum* were associated with a declined chloroquine resistance but still presented piperaquine resistance. No cross-resistance between chloroquine and piperaquine was found, and the original *P. falciparum* acquired resistance to other antimalarial drugs such as amodiaquine, quinine, mefloquine, pyronaridine, and artesunate.

In recent years, although the morbidity and mortality of malaria in china were significantly decreased \[[@b5-kjp-53-1-35]\], the incidence of malaria remained high in Africa and Southeast Asia. Over 207 million people suffer from this disease every year with the number of deaths higher than 627,000 \[[@b6-kjp-53-1-35]\]. The primary reason for the deaths is related to the resistance of *P. falciparum* strains to conventional antimalarial drugs such as chloroquine, mefloquine, quinine, and sulfadoxine/pyrimethamine \[[@b7-kjp-53-1-35]\]. Multidrug-resistant falciparum malaria is epidemic in Southeast Asia and South America. Therefore, in order to prevent the spread of drug resistance of *P. falciparum*, WHO in 2006, recommended that the production and sales of single artemisinin preparations as well as the use of artemisinin monotherapy in malaria treatment, should be stopped. The guidelines for malaria treatment involving artemisinin-based combination therapies were modified accordingly \[[@b8-kjp-53-1-35]\].

Dihydroartemisinin is a derivative of artemisinin with a strong therapeutic effect against falciparum malaria. Dihydroartemisinin/piperaquine phosphate (DUO-COTECXIN) is a new antimalarial drug developed and produced in China, in accordance with the guidelines of WHO. Pyronaridine and artesunate have been shown to be effective in falciparum malaria treatment. However, pyronaridine is rarely used in Hainan Island clinically, and artesunate is not widely used as a therapeutic agent. Instead, conventional antimalarial drugs such as chloroquine and piperaquine were used, explaining the emergence of chloroquine-resistant *P. falciparum*. The sensitivity of *P. falciparum* to conventional antimalarial drugs in Hainan Island was investigated before \[[@b9-kjp-53-1-35],[@b10-kjp-53-1-35]\]. However, the recent incidence of resistance to antimalarial drugs along the Thai-Cambodian and Thai-Myanmar border areas \[[@b11-kjp-53-1-35]\], has arisen the interest in *P. falciparum* once again. As an endemic area of falciparum malaria in China, especially after 1998, falciparum malaria was already restricted in 2 provinces (Yunnan and Hainan). Hainan Island is of great significance to monitor the sensitivity of *P. falciparum* to antimalarial drugs to guide rational therapeutic interventions. In this study, we investigated the sensitivity of *P. falciparum* to antimalarial drugs used in Hainan Island for rational drug therapy.

MATERIALS AND METHODS
=====================

The drugs, patients, and methods in this study were reviewed and approved by the Ethics Committee of the Center for Disease Control in Hainan Province, China.

Study sites and patients
------------------------

Hainan malaria endemic areas have been divided into 3 layers; higher, middle, and lower by corresponding to their incidence. In this present study, 2 counties were selected from high endemic areas and 2 middle areas, respectively. Four cities and counties (Dongfang City, Sanya City, Baisha Country, and Lingshui County) with a high incidence of falciparum malaria in Hainan Island were selected by stratified randomization ([Fig. 1](#f1-kjp-53-1-35){ref-type="fig"}). A few (1-2) townships were selected in each city or country, with the rural hospitals as the survey sites.

Patients aged between 4 and 70 years were selected ensuring that the microscopic density of asexual parasites was 1,000-8,000 parasites per μl of blood. The patients were required to have no history of antimalarial drug usage 15 days prior to the onset, and to be negative for urinary 4-aminoquinoline. The body temperature of these patients was ≥37.5˚C or manifesting fever within 24 hr. Patients with severe heart, kidney, liver, and hematopoietic diseases or severe malnutrition, or patients who had taken antimalarial drugs 15 days prior to the onset, pregnant and lactating women, those with a history of allergy for DUO-COTECXIN, and critical cases, were excluded from this survey. All the patients voluntarily participated in this survey and provided signed informed consent.

In vivo and in vitro tests
--------------------------

The in vivo sensitivity of *P. falciparum* was determined by means of the WHO standard 4-week test. The total dose of DUO-COTECXIN (lot no. 061606 produced by Chongqing Holley Pharmaceutical Co., China) for adults was 8 tablets for 3 days. Each tablet contains 40 mg dihydroartemisinin and 320 mg piperaquine. Under medical supervision, on the first day, 4 tablets were administered and on the second and third days, 2 tablets were given, respectively. The dosage for children was calculated as weight (kg)×adult dose/50. Patients' temperature and the parasite density were monitored during hospitalization and on days 7, 14, 21, and 28.

The in vitro test was performed using a modification of the 96-well microplate technique recommended by WHO \[[@b12-kjp-53-1-35]\]. Briefly, adds the drug coating to be measured in 8×12 well (WHO plate) on a flat-bottomed tissue culture plates, each plate only 1 drug, set contrast, 7 concentrations, and aseptic processing. Blood mixed with the culture medium joined the training conducted in the well. Training is over, smear test.

Outcome measures and methods
----------------------------

Patients involved in the in vivo test were hospitalized for observation and discharged after asexual parasite clearance, body temperature recovery, and symptom relief, were followed up to 28 day. The resistance rate, inhibitory dose 50 (IC~50~) and the mean concentration for complete inhibition (CIMC) of schizont formation were measured in vitro, to observe the treatment effect.

The time of parasite clearance was defined as the time until first of 3 consecutive counts of negative parasites after administration. The mean parasite clearance was calculated using the arithmetic average method. The axillary temperature was measured every 4 hr before and after drug administration. Fever clearance was defined as the time for the body temperature to return to normal over 2 consecutive times. The mean fever clearance time was calculated using the arithmetic average. A cure was indicated if asexual parasite clearance was observed in patients' blood test 7 days after drug administration without relapse after 28 days. The cure rate was expressed as a percentage. Parasite recrudescence (expressed as a percentage) was monitored on days 7, 14, 21, and 28 after the drug administration. The adverse reaction rate was expressed as a percentage. IC~50~, the dose required to inhibit half of the tested subjects, was calculated by ED~50~ regression. CIMC, the concentration required to inhibit all the tested subjects, was calculated using the arithmetic average method. Drug resistance rate was expressed as a percentage.

Evaluation criteria for drug efficiency
---------------------------------------

Evaluation of the in vivo test was based on the WHO evaluation criteria of susceptibility testing for *P. falciparum* to chloroquine in 28 days in 1976. The level of resistance was classified as sensitivity (S), markedly effective (R1), effective (R2), and ineffective (R3). It is considered markedly effective (R1) when asexual parasite clearance was observed in blood test 7 days after drug administration and recrudescence occurred within 28 days. It is considered to be effective (R2) when the amount of parasite was significantly reduced more than 75% after the drug administration but without parasite clearance within 7 days. If reduction of the parasite was less than 75% or the amount of parasite increased at 48 hr after drug administration, it is considered ineffective (R3). Resistance rate in vivo=(R1 + R2 + R3)/T × 100%.

A successful in vitro test shows more than 10% rate of schizont (with more than 3 nuclei) development among the parasites in the control well of the test plates (provided by National Institute of Parasitic Diseases, Chinese Center for Diseases Control and Prevention). If the parasites developed to schizonts in the wells containing 0.000008 μmol chloroquine, 0.000032 μmol piperaquine, 0.000008 μmol pyronaridine, and 0.000004 μmol artesunate, respectively. *P. falciparum* is considered resistant to these drugs. Resistance rate in vitro is no. of cases with resistance/no. of cases tested × 100%.

Statistical analysis
--------------------

The statistical analysis was performed using software Excel and SPSS13.0. The rank sum test was conducted for data analysis and the chi-square test was used to compare the data.

RESULTS
=======

In vivo test
------------

A total of 58 patients were admitted to this test, and 46 patients were finally enrolled, among which 34 were from Dongfang City (Jiangbian Township), 6 were from Sanya City (Tianya and Fenghuang Township), 4 were from Baisha Country (Qifang and Xishui Township), and 2 were from Lingshui Country (Zuguan Township). The eligible patients included 37 males and 9 females aged from 5 to 67 years, with an average age of 27.8±15.7 years. Fourteen patients were ≤15 years and 32 were ≥16 years. Before administration, patients' body temperature ranged from 35-40˚C, with an average of 38.5±1.0˚C. The parasite density was 1,000-149,280 parasites per μl blood, and the mean density was 16,663±24,134 parasites per μl blood.

Among 6 patients from Sanya City, 1 was a case of *P. falciparum* resistance level R3, and in 2 patients, parasite clearance was observed until 48 hr after treatment without recrudescence during the follow-up. Symptoms of other patients were quickly brought under control with a rapid parasite clearance and recovery of temperature. The cure rate of 46 patients was 97.8%.

Among 46 patients, the mean fever clearance time was 22.5±10.6 hr and the mean parasite clearance time was 27.3±12.2 hr. The mean fever clearance time for males was 23.6±11.2 hr and 21.2±7.8 hr for females. The difference of mean parasite clearance time between men and women was insignificant, 27.6±12.6 hr and 27.8±14.9 hr, respectively. Based on the rank sum test, the mean fever clearance time (*P*=0.07) and the mean parasite clearance time of different genders (*P*=0.07) were not significantly different. In terms of age, the mean fever clearance time for adult group was 25.4±11.0 hr, which was 17.7±6.8 hr for minor group. The mean parasite clearance times for the 2 groups were similar. The difference between the mean fever clearance time and the mean parasite clearance time of different ages was not statistically significant ([Table 1](#t1-kjp-53-1-35){ref-type="table"}).

The high fever group was defined as the body temperature was\>39˚C before administration, the lower group was defined as the body temperature was ≤39˚C but above normal temperature. The mean fever clearance time for the high fever group was 28.8±14.8 hr, which was 21.9±8.4 hr for the low fever group. The mean parasite clearance times for the 2 groups were similar. The difference between the mean fever clearance time and the mean parasite clearance time at different body temperatures before drug administration was statistically not significant, by the rank sum test. The results are shown in [Table 2](#t2-kjp-53-1-35){ref-type="table"}.

In terms of the parasite density, the mean fever clearance time for the group with a parasites density of ≤12,000 parasites per μl blood was 23.2±9.3 hr, which was 18.7±5.2 hr for the group with a density of 12,000 parasites per μl blood. The mean parasite clearance times in the 2 groups were similar, 26.5±14.8 hr and 26.8±6.4 hr, respectively. The difference between the mean fever clearance time (*P*=0.07) and the mean parasite clearance time (*P*=0.23) of different *Plasmodium* density was statistically not significant, by the rank sum test ([Table 3](#t3-kjp-53-1-35){ref-type="table"}).

One day before drug administration, 1 patient had symptoms of headache, dizziness, nausea, and vomiting, which were not significantly worsened after the drug administration. These may not be related to the drug. However, 2 patients manifested the above symptoms, which may be related to the drug and disappeared after the parasite clearance and the temperature returned to normal.

In vitro test
-------------

Total 32 patients were observed in this test. The resistance rate of *P. falciparum* to chloroquine, piperaquine, pyronaridine, and artesunate was significantly different (χ^2^=45.67, *P*\<0.01). The difference of the overall probability between these 4 drugs was statistically significant after pairwise comparisons (*P*\<0.001). The resistance intensities of *P. falciparum* to these 4 drugs were as follows: chloroquine\>piperaquine\>pyronaridine\>artesunate. Results are shown in [Table 4](#t4-kjp-53-1-35){ref-type="table"}.

The antimalarial effect of the 4 drugs increased with the concentration. The relationship between the drug concentration and number of inhibited cases was similar to a S-curve ([Fig. 2](#f2-kjp-53-1-35){ref-type="fig"}). As shown in [Fig. 1](#f1-kjp-53-1-35){ref-type="fig"}, artesunate was effective at the lowest concentration of complete inhibition, followed by pyronaridine. Although the effective therapeutic concentrations of chloroquine and piperaquine were similar, piperaquine was more potent than chloroquine. Combined with the IC~50~ values of these 4 drugs, the antimalarial effects associated with the 4 drugs varied as: artesunate\>pyronaridine\>piperaquine\>chloroquine. Results are shown in [Table 5](#t5-kjp-53-1-35){ref-type="table"}.

Statistical differences in CIMC were observed with these 4 antimalarial drugs (*P*\<0.0001). The total CIMC between different drugs was different. After pairwise comparison, CIMC of chloroquine and piperaquine was not significantly different (*P*\>0.48), and differences between the other comparison groups were statistically significant (*P*\<0.0001). CIMC of artesunate was lower than that of pyronaridine, both of which was lower than that of chloroquine and piperaquine. Results are shown in [Table 6](#t6-kjp-53-1-35){ref-type="table"}.

DISCUSSION
==========

Dihydroartemisinin has a curative effect for falciparum malaria better than other antimalarial drugs. The inadequacy of the course is longer, and has recrudescence \[[@b13-kjp-53-1-35]\]. The recrudescence rate was 63.6%, 54.8%, and 13.8%, respectively \[[@b14-kjp-53-1-35]\]. A total of 480 mg dihydroartemisinin was administered over 5-7 days, to treat falciparum malaria. The fever clearance time was 28.9±13.0 hr and 25.4±12.3 hr. The parasite clearance time was 30.6±9.8 hr and 30.5±9.5 hr. The 28 day cure rate was 70.0% (21/30) and 97.7% (43/44), respectively \[[@b15-kjp-53-1-35]\]. The therapeutic effect of dihydroartemisinin combined with phosphate naphthoquine or pyronaridine was better than that of dihydroartemisinin alone \[[@b16-kjp-53-1-35],[@b17-kjp-53-1-35]\]. In this study, patients with falciparum malaria were treated with an oral compound of 320 mg dihydroartemisinin and 2,560 mg piperaquine, resulting in a cure rate of 97.8%. The fever and parasite clearance time were short and unaffected by gender, age, body temperature, and parasite density. The antimalarial efficacy was similar with other formulations but was better than artemisinin alone without significant adverse reactions. Dihydroartemisinin therapy controlled the parasites in erythrocyte stage. However, the treatment course was long with artemisinin-based drugs alone, leading to recrudescence. Piperaquine is also effective against erythrocytic parasitemia, with a sustained favorable outcome. Therefore, combination of these 2 drugs has a synergistic effect, shorter course, and reduced drug dosage and toxicity \[[@b18-kjp-53-1-35]\]. The study of Jérôme Dormoi et al. \[[@b19-kjp-53-1-35]\] also showed that atorvastatin in combination with dihydroartemisinin in a therapeutic scheme leads to a significant delay in mouse death, and it has an effect on the onset of cerebral malaria symptoms and on the level of parasitemia.

In 1974, resistance of *P. falciparum* to chloroquine was widespread in Hainan. Following discontinuation of chloroquine use in 1979, the resistance rate decreased from 97.7% to 26.7% in 1997 \[[@b20-kjp-53-1-35]\]. In our study, the resistance rate was 71.9%, indicating a considerable volatility. With increased and widespread use of piperaquine replacing chloroquine, piperaquine-resistant strains were identified in 1982. Piperaquine resistance increased from 18.4% in 1985 to 73.7% in 1994 \[[@b9-kjp-53-1-35]\]. In this study, resistance rate to piperaquine was determined as 40.6%, which was consistent with the results measured by Lin et al. in Ledong County \[[@b10-kjp-53-1-35]\]. Therefore, piperaquine sensitivity may be recovered through a reasonable use of antimalarial drugs. Results from in vitro sensitivity test of *P. falciparum* in the China-Myanmar border region suggested that the resistance rates to chloroquine, piperaquine, and pyronaridine were 95.2%, 7.1%, and 54.8%, respectively, which were different from the rates in Hainan \[[@b21-kjp-53-1-35]\]. In an in vitro sensitivity test of *P. falciparum* to antimalarial drugs in Papua New Guinea, it was confirmed that *P. falciparum* showed widespread resistance to chloroquine and was sensitive to artemisinin-based drugs \[[@b22-kjp-53-1-35]\].

In the present study, artesunate showed the lowest effective concentration and the lowest concentration of complete inhibition while chloroquine had the highest. The relationship of antimalarial effect between the 4 drugs varied as follows: artesunate\>pyronaridine\>piperaquine\>chloroquine. Artemisinin-based drugs showed a strong dose-dependent lethal effect against *P. falciparum*. Statistical differences were observed in CIMC of the 4 antimalarial drugs tested in this study. After pairwise comparison, CIMC of chloroquine and piperaquine was not significantly different, probably due to the long-term use. The resistance rate to pyronaridine was 12.5% (4/32), which was identical with the rate reported in 1999. Compared with cross-resistance to other antimalarial drugs, no apparent resistance to artemisinin-based drugs has been reported so far. In 1997, resistance rate of these drugs was 19.6% (9/46), determined in vitro in Ledong County, Hainan Island, China. In the early 1990s, cases with clinically suspected resistance to artemisinin were reported in Thailand, India, and Sierra Leone. In 2006, it was also reported that *P. falciparum* was resistant to artemisinin-based drugs in French Guiana and Senegal \[[@b7-kjp-53-1-35]\]. The therapeutic efficacy study by Rithea Leang et al. \[[@b23-kjp-53-1-35]\] demonstrated reasonable efficacy in an area of possible reduced artemisinin sensitivity in Cambodia. Although distinct artemisinin resistance has yet to be established, preventive measures are needed. Stringent drug susceptibility monitoring and surveillance mechanisms should guide the clinical interventions.

According to a previous study, antimalarial drugs had mild adverse reactions, with the adverse reaction rates of chloroquine 27% and of piperaquine 17% \[[@b24-kjp-53-1-35]\]. As for pyronaridine and sulfadoxine-pyrimethamine, the adverse reaction rates of 32% and 36%, respectively were reported \[[@b25-kjp-53-1-35]\]. Our suggestion is that DUO-COTECXIN compared to other antimalarial drugs has better efficacy and low toxicity characteristics.
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###### 

Comparative drug efficacy by age

  Index                               16            \< 16         Statistics   *P*
  ----------------------------------- ------------- ------------- ------------ ------
  Mean fever clearance time (hr)      25.4 ± 11.0   17.7 ± 6.8    Z = -1.920   0.06
  Mean parasite clearance time (hr)   27.6 ± 11.9   27.6 ± 13.9   Z = -0.018   0.98

###### 

Comparative drug efficacy by body temperature

  Index                               \> 39˚C       ≤ 39˚C        Statistics   *P*
  ----------------------------------- ------------- ------------- ------------ ------
  Mean fever clearance time (hr)      28.8 ± 14.8   21.9 ± 8.4    Z = -0.413   0.68
  Mean parasite clearance time (hr)   25.5 ± 6.9    27.4 ± 16.6   Z = -0.940   0.35

###### 

Comparative drug efficacy by different parasitemia

  Index                          ≤ 1.2 × 10^4^ p/μl   \>1.2 × 10^4^ p/μl   Statistics   *P*
  ------------------------------ -------------------- -------------------- ------------ -------
  Mean fever clearance time      23.2 ± 9.3           18.7 ± 5.2           Z = -1.820   0.069
  Mean parasite clearance time   26.5 ± 14.8          26.8 ± 6.4           Z = -1.210   0.23

###### 

Resistance rate in vitro

  Drugs          Cases tested   Cases with resistance^[a](#tfn1-kjp-53-1-35){ref-type="table-fn"}^   Resistance rate (%)
  -------------- -------------- -------------------------------------------------------------------- ---------------------
  Chloroquine    32             23                                                                   71.9
  Piperaquine    32             13                                                                   40.6
  Pyronaridine   32             4                                                                    12.5
  Artesunate     32             0                                                                    0

The number was counted when the case did not belong to sensitivity level after administration.

###### 

Results of IC 50 in vitro

  Drugs          Cases tested   Cases with resistance   IC 50/(× 10^-6^ mol/L)
  -------------- -------------- ----------------------- ------------------------
  Chloroquine    32             23                      3.77 ± 1.40
  Piperaquine    32             13                      2.09 ± 3.30
  Pyronaridine   32             4                       0.09 ± 0.05
  Artesunate     32             0                       0.05 ± 0.01

###### 

In vitro results of CIMC

  Drugs          Cases tested   Cases with resistance   CCIMC/(× 10^-6^ mol/L)
  -------------- -------------- ----------------------- ------------------------
  Chloroquine    32             23                      5.60 ± 5.64
  Piperaquine    32             13                      9.26 ± 13.67
  Pyronaridine   32             4                       0.55 ± 1.02
  Artesunate     32             0                       0.07 ± 0.04

[^1]: These 3 authors contributed equally to this study.
